Introduction
============

The effective depletion of malignant cells from a cancer patient is crucial in therapies against malignant diseases. Decreased proliferation and induction of cell death by apoptosis are two major cellular events to reduce the growth of and to eliminate cancer cells.

Glucocorticoids are widely used as immunosuppressive and anti-leukemic drugs. Especially sensitive to glucocorticoid therapy are tumor cells originated from T-cells. For example the synthetic glucocorticoid dexamethasone induces cell cycle arrest and apoptosis in many T-lymphoma cell lines and is therefore included in modern protocols of chemotherapies against lymphoblastic malignancies like T-ALL.[@R1]^-^[@R3] The primary consequences of glucocorticoid action are changes in gene expression. Typically, glucocorticoids bind to the glucocorticoid receptor (GR), which translocates to the nucleus and, either directly, via specific DNA-sequences (glucocorticoid response elements, GREs), or indirectly, through interaction with other transcription factors, changes gene expression.[@R4]^-^[@R6] During the last years there has been much success in identifying glucocorticoid-regulated genes partly explaining the immunosuppressive and anti-tumorigenic action of glucocorticoids.[@R7]^-^[@R13] However, the importance of the regulated genes in the respective biological context is often not well understood. Glucocorticoid-induced cell cycle arrest and apoptosis seem to be two independent processes in T-lymphoma cells. In a human T-ALL model system, ectopically expressed Bcl-2 prevented glucocorticoid-induced apoptosis but not cell cycle arrest,[@R7] whereas conditional expression of cyclin D3 and/or c-myc prevented cell cycle arrest but did not affect apoptosis.[@R7] In parallel to the decreased expression of the anti-apoptotic protein Bcl2 and the pro-proliferative protein cyclin D3, expression of the cell cycle inhibitor p27 is induced by glucocorticoids. p27 upregulation by glucocorticoids is reported to occur in lymphoid and non-lymphoid cells.[@R7]^,^[@R14]^-^[@R17] p27 belongs to the CIP/KIP family of cell cycle inhibitors, which bind to and inhibit the activity of cyclin-CDK complexes. In contrast to cell cycle inhibitors of the INK4a/ARF family, the CIP/KIP proteins inhibit D-, E-, and A-type cyclin-CDK complexes and in vitro also B-type cyclin-CDK complexes. Consequently, when p27 levels are high, the cell cycle arrests in G~1~-phase, and cells stop to proliferate. p27 levels are regulated during the cell cycle. High amounts of p27 in early G~1~ decrease during progression toward S-phase and stay low until cells complete mitosis and enter G~1~-phase again.[@R18]^,^[@R19] p27 is haploinsufficient for tumor suppression, and deregulated p27 expression is an important contributor to tumor formation.[@R19]^-^[@R21] Transcriptional and posttranscriptional mechanisms are known to regulate p27 expression. The most powerful control mechanism is thought to be ubiquitin-dependent degradation accomplished by the E3 ubiquitin ligase complex SCF^Skp2^.[@R22]^,^[@R23] The F-box protein Skp2 targets substrates like p27, p21, p57, or p130 for degradation.[@R24] Typically, Skp2 expression correlates inversely with p27 levels during the cell cycle. The importance of this "Skp2-p27 axis" is emphasized by results from mice, where the phenotypes found in Skp2^−/−^ and p27^−/−^ mice are partially reversed in Skp2^−/−^ p27^−/−^ double knockout mice.[@R25]^,^[@R26] Skp2 plays a role in lymphomagenesis, and its expression correlates positively with tumor grade and negatively with p27 expression in human lymphomas.[@R27]

Our study aimed to elucidate the importance of the cell cycle regulators p27 and cyclin D3 in glucocorticoid-induced cell cycle arrest. We found a strong upregulation of p27 at the protein level in mouse and human T-cell lymphomas. This was accompanied by a less pronounced induction of p27 mRNA in human and mouse T-lymphomas, indicating that post-transcriptional regulation is the primary mechanism leading to the increase of p27 protein by glucocorticoids. Induction of p27 was paralleled by a decrease of cyclin D3 after glucocorticoid treatment. Downregulation of p27 levels by RNAi completely abolished glucocorticoid-induced cell cycle arrest although cyclin D3 expression was still effectively reduced. This argues for a primary role of p27 in cell cycle arrest by glucocorticoids in T-lymphomas. Further we found a downregulation of the E3 ligase component Skp2 by dexamethasone. In addition stable expression of Skp2 in glucocorticoid-sensitive human T-lymphomas abolished p27 induction and, more importantly, also prevented the cell cycle arrest by dexamethasone, indicating the importance of the Skp2-p27 axis in glucocorticoid action on T-lymphomas.

Results
=======

Cell cycle arrest precedes apoptosis in glucocorticoid-treated T-lymphomas
--------------------------------------------------------------------------

Glucocorticoids and its analogs are widely used in the treatment of inflammatory and malignant diseases. Glucocorticoids are an integral part of the therapy against acute lymphoblastic leukemia (ALL). The benefits of glucocorticoids are attributed to its effects on cell proliferation and viability by the induction of cell cycle arrest and apoptosis, respectively. In this study, we investigated the contribution of cell cycle proteins to the cell cycle arrest induced by glucocorticoids.

To analyze the temporal succession of cell cycle arrest and apoptosis induced by glucocorticoids, we treated mouse T-lymphoma cells S49.1 and a human ALL glucocorticoid-sensitive CEM subline with glucocorticoids. In the following, we looked into cell cycle distribution, apoptosis, and regulation of the key cell cycle proteins cyclin D3 and p27. We found a clear accumulation of cells in G~1~-phase of S49.1 and CEM cells after 24 h of dexamethasone (Dex) treatment ([Fig. 1A](#F1){ref-type="fig"}) in the complete absence of apoptosis as indicated by the absence of subG~1~ cells. ([Fig. 1A](#F1){ref-type="fig"}). However, after 48 h Dex, treatment apoptosis was induced, as shown by increased subG~1~ peaks in S49.1 and CEM cells ([Fig. 1A](#F1){ref-type="fig"}) and PARP cleavage in both cell lines ([Fig. 1B and C](#F1){ref-type="fig"}). In addition, we also found increased annexin V staining of S49.1 cells after 48 h of Dex treatment ([Fig.  S1A](#SUP1){ref-type="supplementary-material"}). The onset of apoptosis in S49.1 cells seemed to be delayed compared with CEM cells, as indicated by the lower increase in subG~1~ cell counts and the less dramatic PARP cleavage after 48 h of exposure to Dex. Indeed, after 72 h of Dex treatment, S49.1 cells showed a strong increase in subG~1~ cell count ([Fig.  S1B](#SUP1){ref-type="supplementary-material"}) and PARP cleavage ([Fig. 1B](#F1){ref-type="fig"}). In general, after 5 d of treatment, no more viable cells were detected (data not shown). These results indicate that glucocorticoid-induced cell cycle arrest and apoptosis are sequentially occurring processes in T-lymphomas. Apoptosis might depend on a preceding cell cycle arrest or both processes might be triggered by independent mechanisms. There is already good experimental evidence for the latter from studies in CEM cells where cyclin D3 or c-myc were conditionally overexpressed. Whereas overexpression of both proteins inhibited G~1~ arrest induced by glucocorticoids, apoptosis was not affected.[@R7]

![**Figure 1.** Glucocorticoids induce an accumulation in G~1~-phase of the cell cycle and apoptosis of T-lymphoma cells. (**A**) Cell cycle arrest precedes apoptosis in glucocorticoid-treated T-lymphomas. Mouse (S49.1) and human T-lymphomas (CCRF-CEM-C7H2, "CEM") were cultured in the presence of Dex (100 nM) for the indicated time points. Cell cycle distribution (G~1~-, S+G~2~M-phase) and apoptosis (subG~1~) were determined by DNA-staining using propidium iodide (PI) as desribed in Materials and Methods. The diagrams to the right indicate rise in apoptosis and changes in cell cycle distribution upon Dex treatment (cell cycle distribution was calculated excluding subG~1~cells). (**B and C**) Induction of PARP cleavage in S49.1 and CEM cells. Cells were treated for the indicated time points with 100 nM Dex, and 50 µg of protein extracts were subjected to immunoblot analysis. PARP and PARP cleavage product (PARP \[cl.\]) were detected by a specific antibody. (**D and E**) Regulation of cyclin D3 and p27 by glucocorticoids in T-lymphomas. S49.1 and CEM cells were treated for the indicated periods of time with Dex (100 nM) and 50 µg of protein extracts analyzed by western blotting for cyclin D3, p27, and α-tubulin expression using specific antibodies. (**F**) Inhibition of cyclin E-associated kinase activity by Dex. S49.1 cells were treated with Dex for the indicated time points. Cyclin E was immunoprecipitated from 400 µg of protein extracts and co-purified kinase activity estimated by an in vitro kinase assay using histone H1 as a substrate in the presence of γ-^32^P-ATP. Immunoprecipitated cyclin E, Cdk2, and p27 were detected by western blotting. Cyclin E and p27 signals were quantified from films using ImageJ software. Increased binding of p27 to cyclin E is expressed as the ratio of quantified p27 to cyclin E signal, the ratio of the control-treated sample is set to 1 (below p27 panel from cyclin E IP). Ten % of the amount of extract used for IP were analyzed by SDS-PAGE and indicate p27 levels during IP (WCE, lowest panel).](cc-12-2625-g1){#F1}

Biochemical analysis revealed a clear reduction of cyclin D3 and an induction of p27 expression already 24 h after treatment in both cell lines. This regulation became even more prominent after 48 h ([Fig. 1D and E](#F1){ref-type="fig"}). Cyclin E immunoprecipitates from control or Dex-treated S49.1 cells were examined for associated Cdk2 activity. Dex treatment abolished phosphorylation of the kinase substrate histone H1 already after 24 h ([Fig. 1F](#F1){ref-type="fig"}, upper panel). The kinase inhibition was accompanied by increased binding of p27 to cyclin E ([Fig. 1F](#F1){ref-type="fig"}, lower panel), indicating that p27 may be responsible for cyclin E/Cdk2 inhibition. We conclude that the described inverse regulation of cyclin D3 and p27 arrests the cell cycle and this represents a pathway conserved between mouse and human T-lymphomas.

Mechanisms of p27 regulation by glucocorticoids
-----------------------------------------------

Next we aimed to elucidate the mechanism leading to p27 protein induction. We treated S49.1 and CEM cells with Dex for different periods of time and determined the amount of p27 mRNA by reverse transcription quantitative PCR. In both cell lines, we found an approximately 2-fold significant increase in p27 mRNA after 24 h Dex treatment ([Fig. 2A](#F2){ref-type="fig"}). In S49.1 cells, p27 mRNA levels are elevated 2-fold after 6 h, and in CEM cells, 1.3-fold after 12 h Dex treatment. In northern blot analysis, p27 mRNA levels in S49.1 cells were constantly elevated until 48 h Dex treatment, indicating no further increase of p27 transcription rate by Dex over time ([Fig.  S2A](#SUP1){ref-type="supplementary-material"}). To analyze the potential activation of the p27 promoter by Dex, we transfected luciferase reporter constructs driven by different consecutive 5′ deletions of the mouse p27 promoter [@R51]([Fig. 2B](#F2){ref-type="fig"}). Our results indicate that the glucocorticoid responsiveness does not require the sequence −1609 to −615, since the promoter region from −615 to +178 is sufficient to mediate full activation by Dex ([Fig. 2B](#F2){ref-type="fig"}). The shortest −42-luc p27 promoter construct shows almost no Dex-inducibility ([Fig. 2B](#F2){ref-type="fig"}), suggesting that the glucocorticoid response element(s) lie between position −615 and −42 of the mouse p27 promoter. However, by microarray analysis, we were not able to detect a significant transcriptional regulation of p27 mRNA levels in Dex-treated childhood T-ALL patients (ref. [@R12] and data not shown). We consistently observed a stronger induction of protein levels relative to the mRNA levels in Dex-treated CEM and S49.1 cells ([Figs. 1D and E](#F1){ref-type="fig"} and [3E](#F3){ref-type="fig"}). Therefore we asked whether other mechanisms might contribute to the robust increase in p27 protein levels. It is well documented that p27 protein half-life (stability) changes under different cellular conditions and cell cycle stages. We analyzed p27 protein stability in glucocorticoid-treated S49.1 and CEM cells by CHX chase experiments. In untreated cells, p27 levels decay with a half-life between 1 and 3 h ([Fig. 2C and D](#F2){ref-type="fig"}), which is in the range of half-lives reported previously for cycling cells.[@R22]^,^[@R28] However, when S49.1 or CEM cells were pretreated with Dex for 24 h, p27 protein decreased more slowly in the presence of CHX ([Fig. 2C and D](#F2){ref-type="fig"}). The increase in stability did not depend on the presence of Dex during the CHX chase, since the same result was obtained with fresh Dex-free medium. ([Fig.  S2B](#SUP1){ref-type="supplementary-material"}). This clearly indicates that Dex induces cellular conditions where degradation of the p27 protein is strongly impaired.

![**Figure 2.** Transcriptional and post-transcriptional regulation of p27 expression. (**A**) Regulation of p27 mRNA by Dex in S49.1 and CEM cells. S49.1 and CEM cells were treated with Dex for the indicated time periods and p27 mRNA quantified by RT-qPCR. p27 mRNA levels are expressed relative to the 0 h time point, which was set to 1. All samples were normalized to the amount of TBP control mRNA. Data are expressed as fold increase relative to the normalized control; error bars indicate SD derived from 2--3 independent experiments, each analyzed in triplicate; statistical analysis was performed by unpaired Student *t*test (\**P* \< 0.05; \*\**P* \< 0.01). (**B**) Mouse p27 promoter activation by glucocorticoids. S49.1 cells were transfected with the indicated luciferase reporter constructs as described in "Materials and Methods". Cells were treated with Dex (100 nM) or ethanol (0.07%) 24 h after transfection and analyzed for luciferase activity after another 24 h. Luciferase activity is expressed as relative light units (RLU) per µg protein. (**C and D**) Increased p27 protein stability by Dex in S49.1 and CEM cells. Twenty-four hours Dex (100 nM) or control (0.07% ethanol) treated S49.1 and CEM cells were incubated in the presence of cycloheximide (CHX, 20 µM) as indicated, and p27 expression was monitored during the indicated period of time. Upper graphs show western blot analyses, lower panels quantification of p27 levels obtained from 3 independent experiments. p27 amounts (*y*-axis, log scale) are plotted against time (*x*-axis), p27 levels at time point zero are set to 100%. Images and quantitative data were obtained by using the ImageQuant LAS 4000 digital imaging system. Statistical analysis was performed by unpaired Student *t* test (\**P* \< 0.05; ^0^*P* = 0.08).](cc-12-2625-g2){#F2}

![**Figure 3.** Cell cycle arrest by glucocorticoids requires p27 induction. (**A**) p27 knockdown in CEM cells. CEM cells were transduced with control (scramble) or p27 shRNA (p27--30) expressing constructs by lentiviral infection and analyzed for p27 expression 5 d after infection. Additionally, cells were treated with Dex (100 nM) for 24 h. Fifty µg of protein extracts were resolved by SDS-PAGE and p27 levels determined by immunoblotting using the Odyssey infrared imaging system. (**B**) Parental CEM cells and single clones derived from p27 shRNA (p27--30) pools were tested for p27 and cyclin D3 expression in the absence and presence of Dex (100 nM, 24 h). Protein extracts from cells were subjected to SDS-PAGE and immunoblotting using specific antibodies. α-tubulin was used as a loading control. A representative immunoblot is shown. (**C**) Reduced cell cycle arrest in p27-knockdown cells. Proliferation and cell cycle distribution of cells used in (**B**) were determined by BrdU incorporation and PI staining. BrdU-positive S-phase cells were determined by anti BrdU labeling (see "Materials and Methods"; [Fig. S4](#SUP1){ref-type="supplementary-material"}). Changes in the number of S-phase (BrdU-positive) cells by Dex after 24 h were calculated and expressed as % reduction of S-phase cells compared with control (0.07% ethanol) treated cells. Data show mean values and SD from at least 3 independent experiments; statistical analysis was performed by unpaired Student *t* test (\**P* \< 0.05; \*\**P* \< 0.01). (**D**) Endogenous Skp2 is downregulated by Dex and Skp2 overexpression reduces p27 levels and glucocorticoid-induced cell cycle arrest. Parental control CEM cells and lentivirally HA-Skp2 transduced cells were analyzed for glucocorticoid response (24 h Dex) by immunoblotting and FACS analyses as described in (**C**). Skp2 and p27 expression was determined by using specific antibodies. α-tubulin levels indicate equal loading. Diagram shows mean values and SD from 3 independent experiments; statistical analysis was performed by unpaired Student *t* test (\**P* \< 0.05). (**E**) Inverse regulation of Skp2 and p27 protein expression by Dex. S49.1 and CEM cells were treated for the indicated time periods with Dex (100 nM) and 50 µg of protein extracts subjected to immunoblot analysis. Images and quantitative data were obtained by using the ImageQuant LAS 4000 digital imaging system. Data are expressed as fold-induction relative to the control; error bars indicate SD and are derived from n \> 3 independent experiments analyzed in triplicates; statistical analysis was performed by unpaired Student *t*test from consecutive time points (p27) or relative to control (Skp2) (\**P* \< 0.05; \*\**P* \< 0.01). (**F**) Regulation of Skp2 mRNA by Dex in S49.1 and CEM cells. Procedure is identical to the one described in [Figure 2A](#F2){ref-type="fig"}. Data are expressed as fold-induction relative to the control, error bars indicate SD and are derived from n = 3 independent experiments analyzed in triplicates; statistical analysis was performed by unpaired Student *t* test (\*\**P* \< 0.01).](cc-12-2625-g3){#F3}

Reducing p27 expression by RNAi and forced degradation by Skp2 overexpression reveals an essential role of p27 in glucocorticoid-induced G~1~ arrest
----------------------------------------------------------------------------------------------------------------------------------------------------

Cyclin D3 and p27 are oppositely regulated in T-lymphoma cells ([Fig. 1D and E](#F1){ref-type="fig"} and ref. [@R7]) and are the most likely candidate cell cycle regulators important for glucocorticoid-induced G~1~ arrest. D-type cyclins are critical for the activation of Cdk4 and Cdk6, whose kinase activities are responsible for the early steps in G~1~-phase progression, mostly by phosphorylating proteins of the Rb-family. A previous report showed that cell cycle arrest of CEM cells by glucocorticoids could be reversed by ectopically expressed cyclin D3, indicating an important role of this cyclin in T-lymphoma proliferation.[@R7] However, the relevance of the observed upregulation of p27 by glucocorticoids for cell cycle arrest has not been determined. In order to characterize the role of p27 in glucocorticoid-induced cell cycle arrest, we knocked down p27 in CEM cells by shRNA-mediated RNA interference (RNAi). The knockdown efficiency of various targeting constructs was determined by the successful depletion of transiently overexpressed HA-tagged human p27 protein in 293T cells ([Fig.  S3A and B](#SUP1){ref-type="supplementary-material"}). The most efficient construct was selected to generate lentiviruses to infect CEM cells.[@R13] p27 shRNA (p27--30)-expressing cells were first tested 5 d post infection for expression of p27 and glucocorticoid response. Single clones were additionally isolated and analyzed. Compared with wild-type CEM or control (scramble)-infected cells ([Fig. 3A and B](#F3){ref-type="fig"}), we found a clear reduction of p27 expression in the p27--30 pool ([Fig. 3A](#F3){ref-type="fig"}), which was even more pronounced in single clones ([Fig. 3B](#F3){ref-type="fig"}). Strikingly, treatment with Dex for 24 h did not or only marginally induced p27 levels in p27 knockdown cells ([Fig. 3B](#F3){ref-type="fig"}). Moreover, this was associated with reduced cell cycle arrest, as indicated by a strongly diminished Dex effect on actively proliferating (S-phase) cells compared with wild-type CEM cells or control (scramble) pools ([Fig. 3C and D](#F3){ref-type="fig"}). Interestingly, proliferation during p27 knockdown was unaffected in the presence of Dex despite reduced cyclin D3 levels ([Fig. 3B](#F3){ref-type="fig"}). This suggests that the upregulation of p27 is an essential event in glucocorticoid-induced cell cycle arrest of CEM cells. In general but in particular in the single knockdown clones, p27 depletion in CEM cells increased the amount of S-phase and reduced the amount of G~1~-phase cells without significantly changing the G~2~M proportion ([Fig. S4](#SUP1){ref-type="supplementary-material"}). This is in accordance with the cell cycle-inhibitory function of p27. Obviously, p27 had no antiapoptotic function in CEM cells, since p27 knockdown did not increase the amount of subG~1~ cells and did not sensitize CEM cells to Dex treatment at 24 h ([Fig. S4](#SUP1){ref-type="supplementary-material"}).

To obtain further experimental support for the role of p27 in the G~1~ arrest of T-ALL cells, we asked whether forced degradation of p27 might prevent cell cycle arrest by glucocorticoids. We enhanced the activity of the E3 ubiquitin ligase complex SCF^Skp2^ by overexpressing Skp2 in CEM cells ([Fig. 3D](#F3){ref-type="fig"}, "CEM HA-Skp2"). As expected, p27 levels were lower in Skp2-overexpressing cells, and also induction of p27 protein by glucocorticoids was strongly reduced ([Fig. 3D](#F3){ref-type="fig"}). In agreement with an essential role of p27 in the glucocorticoid-induced cell cycle arrest, Skp2 overexpression in CEM cells reduced the response of actively proliferating (S-phase) cells to Dex treatment ([Fig. 3D](#F3){ref-type="fig"}, right panel).

Interestingly, we observed a downregulation of endogenous Skp2 protein by Dex in CEM and S49.1 cells ([Fig. 3E](#F3){ref-type="fig"}). When we analyzed the expression of Skp2 and p27 in a time-course experiment, we found a significant induction of p27 protein after 6 h of Dex treatment in S49.1 cells and between 12 and 24 h in CEM cells ([Fig. 3E](#F3){ref-type="fig"}). Skp2 levels were clearly downregulated between 6 and 12 h in S49.1 and after 12 h in CEM cells ([Fig. 3E](#F3){ref-type="fig"}). Although p27 and Skp2 levels perfectly inversely correlate, downregulation of Skp2 did not precede upregulation of p27, but rather occurred simultaneously ([Fig. 3E](#F3){ref-type="fig"}). Skp2 downregulation by Dex might therefore represent a positive feedback loop leading to the robust induction of p27 levels to keep p27 protein high enough to arrest the cell cycle of T-lymphomas. Skp2 transcription was previously reported to be regulated during the cell cycle in HeLa cells. Skp2 protein and mRNA levels are generally low in G~1~, but both rise as cells approach and enter S-phase.[@R29] We analyzed Skp2 mRNA abundance in S49.1 and CEM cells, which were treated for increasing periods of time with Dex. We found significantly reduced Skp2 mRNA levels after 24 h Dex in S49.1 and CEM cells ([Fig. 3F](#F3){ref-type="fig"}). However, the reduction of Skp2 protein occurs earlier and seems to be more pronounced ([Fig. 3E](#F3){ref-type="fig"}).

Discussion
==========

The aim of our work was to investigate the role of p27 in glucocorticoid-induced cell cycle arrest of T-lymphomas. We found that cell cycle arrest and apoptosis induced by glucocorticoids are two temporally seperate processes ([Fig. 1A](#F1){ref-type="fig"}). This finding supports earlier studies, where conditional overexpression of cyclin D3 in human T-ALL CEM cells prevented glucocorticoid-induced cell cycle arrest but not apoptosis.[@R7] As overexpression of cyclin D3 was able to rescue the cell cycle arrest by glucocorticoids, downregulation of cyclin D3 expression by glucocorticoids seemed to be the primary cause for the growth inhibitory actions of glucocorticoids. However, the contribution of p27 to the G~1~ arrest was not determined.

We now provide experimental evidence that the increase in p27 protein is pivotal for glucocorticoid-induced cell cycle arrest. Both reduction of p27 levels by RNAi and forced protein degradation by overexpression of the SCF E3 ubiquitin ligase complex component Skp2 abolished Dex-dependent cell cycle arrest. This occurred even under conditions of decreased cyclin D3 expression ([Fig. 3B--D](#F3){ref-type="fig"}).

The amount of p27 is tightly regulated in proliferating cells. Already a small increase in p27 might block the cell cycle by binding to and inhibiting CDKs.[@R30] Multiple mechanisms are responsible for the precise control of p27 expression.[@R21] Transcriptional and post-transcriptional mechanisms regulate p27 levels in cells. The most significant is reported to be ubiquitin-dependent degradation by the E3 ubiquitin ligase complex SCF^Skp2^. In the present study, we found clear evidence for diverse regulatory mechanisms leading to p27 upregulation by Dex. We detected a weak induction of p27 mRNA levels in the human T-ALL (CEM) cell line as well as in the murine T-lymphoma (S49.1) cell line ([Fig. 2A](#F2){ref-type="fig"}). Upregulation of p27 mRNA seems to be a consequence of increased p27 transcription, since we observed activation of p27 promotor reporter constructs by Dex in transient transfection experiments in S49.1 cells ([Fig. 2B](#F2){ref-type="fig"}). The precise mechanism of transcriptional activation by glucocorticoids in S49.1 cells is not known at present. The "classical" mechanism of glucocorticoid action is by binding of the hormone-bound, activated GR to glucocorticoid-response elements (GREs) in the promoter region of the respective genes.[@R31]^-^[@R33] Predicted from several databases, there are putative GREs in the promoters of the mouse and human p27 gene. We identified a putative GRE in the mouse promoter at position −653 relative to the translational start site (5′-TGTCCT-3′). The presence of this hexanucleotide sequence was shown to be essential for GR binding.[@R34] Whether this or any other predicted GRE are functional needs to be investigated in further studies. Beside the direct activation of p27 transcription through binding of the GR to promoter elements, the GR could regulate p27 transcription indirectly by changing the expression of transcription factors binding to the p27 promoter. Although p27 transcript levels are not changed significantly during the cell cycle, a growing number of transcription factors that regulate p27 transcription are reported.[@R21]^,^[@R35] The activated dioxin receptor and AFX-like Forkhead transcription factors activate p27 transcription and induce cell cycle arrest,[@R36]^,^[@R37] and the level of the forkhead transcription factor FOXO3A is induced by glucocorticoids in mouse lymphocytes.[@R38] Regarding the relatively weak contribution of p27 transcriptional regulation to the strong induction of p27 protein level, ([Figs. 1D and E](#F1){ref-type="fig"} and [3E](#F3){ref-type="fig"} compared with [2A](#F2){ref-type="fig"}), posttranscriptional and/or posttranslational mechanisms seem to be dominant in the upregulation of p27. Based on our results and published data, we conclude that p27 plays a central role in Dex-induced cell cycle arrest in the investigated mouse and human T-ALL cell systems. According to our model, glucocorticoids activate the transcription of the p27 gene, which moderately increases levels of p27 protein ([Fig. 4](#F4){ref-type="fig"}). p27 mRNA was also induced by Dex in human CEM cells. By using qPCR we were able to detect a 1.3--2-fold increase in p27 mRNA after 12 and 24 h Dex ([Fig. 2A](#F2){ref-type="fig"}). The induction was weak and might have been missed previously by less sensitive methods.[@R7] In parallel, cyclin D3 protein levels rapidly decline after Dex treatment, most likely through decreased mRNA stability.[@R7] The reduction of cyclin D3 is not sufficient to arrest T-ALL cells ([Fig. 3B](#F3){ref-type="fig"}). This is in accordance with a central role of p27 in the glucocorticoid-induced cell cycle arrest. Based on earlier studies,[@R19]^,^[@R20] where cyclin D/Cdk complexes were characterized as a sink for non-inhibitory p27, we propose that downregulation of cyclin D3 protein leads to a release of p27, which is then available for binding and inhibiting cyclin E/Cdk2 ([Fig. 4](#F4){ref-type="fig"}), leading to a G~1~ arrest. The downregulation of Skp2 protein occurs simultaneously with p27 induction and might not contribute to the early increase in p27 levels. However, the more drastic increase in p27 protein upon longer Dex treatment is most likely a consequence of decreased ubiquitin-dependent proteolysis of p27 through repression of Skp2 ([Fig. 4](#F4){ref-type="fig"}). This notion is supported by our results showing increased p27 protein stability in Dex-treated S49.1 and CEM cells ([Fig. 2C and D](#F2){ref-type="fig"}). The regulation of Skp2 levels by glucocorticoids is a novel finding. By RT-qPCR we detected a downregulation of Skp2 mRNA levels by glucocorticoids between 12 and 24 h of treatment ([Fig. 3F](#F3){ref-type="fig"}). Transcriptional repression of Skp2 by glucocorticoids is an attractive model that is supported by previous reports. Particularly, known transcriptional activators of Skp2 like c-myc[@R39] and E2F[@R40]^,^[@R41] are strongly downregulated by glucocorticoids in T-lymphomas.[@R7]

![**Figure 4.** Central role of p27 regulation in the glucocorticoid-induced cell cycle arrest of T-lymphoma cells. The model depicts mechanisms leading to the strong increase of p27 by glucocorticoids and, as a consequence, to G~1~ arrest. Previous results exploring the role of cyclin D3 in glucocorticoid-induced cell cycle arrest are integrated in the model. The modes of action are described in the figure and explained in the "Discussion" section.](cc-12-2625-g4){#F4}

Our studies could not address the necessity of Skp2 downregulation for the p27-induced cell cycle arrest. At this stage, we can only speculate whether Skp2 repression is the cause or the consequence of p27 upregulation and G~1~ arrest. Both, p27 and Skp2 are useful prognostic and therapeutic markers in a variety of cancers. p27 function is deregulated by altered synthesis, enhanced degradation, and mislocalization. Low levels of the cdk inhibitor often correlate with poor prognosis in many cancers.[@R21] Conversely, Skp2 is often overexpressed in cancers and serves as an independent marker for the prognosis of malignant diseases.[@R42] Skp2 exerts its oncogenic function predominantly by the ubiqutin-dependent degradation of p27.[@R25]^,^[@R26] Recent achievements in developing drugs inhibiting Skp2 emphasize the potential importance of the "Skp2-p27" axis in cancer therapies.[@R42] Treatment of certain cancer cell lines with a molecule that inhibits the assembly of the E3 ubiquitin ligase complex SCF^Skp2^ resensitized these cancer cells to therapeutic agents like dexamethasone or doxorubicin.[@R43] Whether considering Skp2 could improve the design and success of glucocorticoid therapies has to be verified in future studies. Our data suggest that high Skp2 expression might be predictive for a weaker response to glucocorticoid therapy. A combinatorial therapy involving synthetic glucocorticoids together with Skp2 inhibitors might be more effective under such circumstances.

Materials and Methods
=====================

Cell culture, transfection, and cell lysis
------------------------------------------

The glucocorticoid-sensitive mouse T-lymphoma cell line S49.1[@R7]^,^[@R44] was obtained from the American Type Culture Collection (ATCC) and cultured in DMEM (Sigma Aldrich, D5671) supplemented with 10% FBS plus 100 U/ml penicillin, 100 µg/ml streptomycin according to ATCC guidelines. The human T-ALL cell line CCRF-CEM-C7H2 (CEM)[@R45] and their sublines were cultured as described.[@R7] Cells were treated with 100 nM Dexamethasone (Dex). Stably transfected cells were selected with 1 µg/mL of puromycine. Cyclohexamide (CHX) was used at a concentration of 20 µg/mL.

S49.1 cells were transfected with p27 reporter gene constructs by DEAE-Dextran method[@R46] at a density of 3 × 10^5^ per ml. Five µg DNA was used for the transfection of 2 × 10^6^ cells. Before transfection, cells were washed with TBS (137 mM NaCl; 25 mM TRIS-HCl pH 7.4; 5 mM KCl; 0.7 mM CaCl~2~; 0.5 mM MgCl~2~; 0.6 mM Na~2~HPO~4~) and resuspended in 1× transfection mix (5 µg DNA, 0.5 µg/µl DEAE-Dextran in 200 µl TBS). After 20 min of incubation, cells were DMSO shocked by adjusting the cell suspension to 1% DMSO and further incubated for 3 min. A large volume of TBS was added, and cells were washed with TBS and resuspended in fresh growth media. Cells were treated (0.07% ethanol as a vehicle control, 100 nM Dex) 16 h post-transfection and harvested for reporter gene assay 24 h after treatment.

Plasmids, RNA interference, and lentiviral infection
----------------------------------------------------

The lentiviral GATEWAY destination vector pHR-SFFV-DEST-IRES-Puro (U416) was generated by exchanging the eGFP sequence with PCR amplified IRES-PURO cassette (pLIB-rtTAM2-IRES-Puro)[@R47] in the lentiviral plasmid pHR-SIN-CSGW-delta Not (kindly provided by Mary Collins, UCL, London). To render the plasmid GATEWAY-compatible, a DEST cassette (rfa, Invitrogen) was cloned into the blunt-ended BamHI site.

The lentiviral HA-Skp2 expression construct was obtained by recombining Skp2-cDNA into the U416 vector using the Gateway^®^ Cloning technology (Life Technologies). The resulting bicistronic plasmid allowed the puromycin selection for stable integrants that expressed Skp2. Control (scramble) and pLKO1.puro (Addgene) were described[@R48] earlier. p27 shRNA plasmids TRCN0000009856, TRCN0000009857, TRCN0000039928, TRCN0000039930, TRCN0000039931 were obtained from Sigma (Sigma Aldrich).

The plasmid pcDNA3.1 HA-p27Kip1 contains one hemagglutinin-tag fused to the N-terminus of human p27.[@R49]

293T cells were transfected by the calcium phosphate method.[@R50] For a 6 cm dish, 0.5 µg HA-p27 pcDNA3.1 plasmid together with 4 µg of single p27 shRNA plasmid or 5 µg of single p27 shRNA plasmid alone were transfected into 293T cells. Typically cells were harvested 40 to 48 h post-transfection and processed for immunoblot analysis.

CEM cells were transduced with lentiviral particles containing p27 shRNAs or HA-tagged Skp2 according to the procedure previousely described.[@R13]

Antibodies and reagents
-----------------------

Rabbit polyclonal anti-Actin (A2066), mouse monoclonal anti-α-Tubulin (T9026) were obtained from Sigma (Sigma Aldrich); rabbit polyclonal anti-cyclin D3 (C-16, sc-182), rabbit polyclonal anti-cyclin E (M-20, sc-481), mouse monoclonal anti-Skp2 (A-2, sc-74477) from Santa Cruz (Santa Cruz Biotechnology), mouse monoclonal anti-p27 (610241) from BD Transduction Laboratories (BD Bioscience), anti-GAPDH (6C5, CB1001) from Millipore, mouse monoclonal anti-HA tag antibody (clone 12CA5, ab16918) from Abcam. Mouse monoclonal anti-PARP antibody was a kind gift from Jose Yelamos.

Dexamethasone and cycloheximide were purchased from Sigma Aldrich.

Western blotting, reporter gene assay, and assay for cyclin E-Cdk2 activity
---------------------------------------------------------------------------

For immunoblot analysis, cells were washed in ice-cold phosphate-buffered saline and lysed in NP-40 lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40) and protease inhibitor cocktail (Sigma Aldrich). The lysate was sonicated, centrifugated at 20 000 g for 20 min and the supernatant stored at −80°C. For immunoblot analysis typically 50 µg lysates were separated by SDS-PAGE. The subsequent immunoblot analyses were performed by using ECL (Pierce, Thermo Fisher Scientific) either by exposing to sensitive films or by using an ImageQuant LAS 4000 digital imaging system (GE Healthcare) or Odyssey infrared fluorescence detection (Li-Cor) technology.

The luciferase reporter constructs p27~-1609~-luc, p27~-1382~-luc, p27~-988~-luc, p27~-615~-luc, and p27~-42~-luc were previousely described.[@R51] Transfected cells were lysed in Reporter Lysis Buffer, and firefly luciferase expression was determined using the Luciferase Assay System (Promega). Luciferase activity was expressed as relative light units per µg extract used in the assay. Extracts from 1.5 × 10^7^ S49.1 cells were used to determine endogenous Cyclin E-associated kinase activity according to the literature.[@R36]

RNA isolation, northern blotting, and quantification by reverse transcription quantitative PCR (RT-qPCR)
--------------------------------------------------------------------------------------------------------

Total RNA was isolated from cells using RNeasy Mini Kit (Qiagen) according to the manual. Five µg PolyA+ mRNA was isolated and processed for northern blot analysis,[@R52] and probes for p27 and GAPDH were obtained and used for hybridization as described.[@R36]

For mouse S49.1 cells, 1 µg of total RNA was reverse transcribed with the QuantiTect Reverse Transcription Kit (Qiagen). Eighty ng of cDNA was used in quantitative PCR using QuantiFast Probe PCR Kit (Qiagen) by using gene-specific primer pairs for p27 (forward: 5′-CAAACTCTGAGGACCGGCAT-3′, reverse: 5′-TCTTAATTCGGAGCTGTTTACGTC-3′), Skp2 (forward: 5′-ACCTGATACTCTACTTGAACTTGGA-3′, reverse: 5′-ATGGTGGTGAAATAGGCG-CA-3′) and TBP (forward: 5′-ACTTCGTGCAAGAAATG-CTGAA-3′, reverse: 5′-TGTCCGTGGCT-CTCTTATTCTCA-3′) on an Mx3005P cycler (Stratagene) instrument. For human CCRF-CEM-C7H2, total RNA from cells cultured in the presence or absence of 10^−7^ M Dex for the times indicated in the "Results" section was reversely transcribed into cDNA using Superscript II as recommended by the manufacturer (Invitrogen). Twenty ng cDNA was amplified in TaqMan Universal MasterMix (Promega) in 96-well plates (94 °C for 10 min, 40 cycles of 94 °C for 15 s alternating with 60 °C for 1 min) using commercially available assays for detection of p27 and SKP2 (CDKN1B/p27: Hs01597588_m1 SKP2: Hs00394998_m1). For normalization of mRNA content, TATA box-binding protein (TBP) mRNA was used (forward primer: GCCCGAAACGCCGAATA; reverse primer: CGTGGCTCTCTTATCCTCATGAT; probe: ATCCCAAGCGGTTTGCTGCGGT). Measurements of 3 technical replicates from 1--3 independent experiments were averaged and normalized against the TBP housekeeping gene. The difference between TBP-normalized CT values (ΔCT) of Dex-treated and control samples was reported as *M* values (log2-fold change values, ΔΔCT). Statistical analyses were performed using an unpaired Student *t* test.

To control the specificity of the amplicons, melting curves were performed for each analysis, the size of PCR products was determined and the gene specificity was verified by sequencing.

Cell cycle and apoptosis analyses
---------------------------------

Analyses of cell cycle distribution and subG~1~ cells were performed by staining ethanol-fixed cells with propidium iodide (PI) and flow cytometry as previousely reported.[@R53] To determine the amount of apoptotic cells, the quantity of PI signal less than 2N or 4N in case of the tetraploid CEM cells, DNA amount was calculated and expressed as percent of all cells. For cell cycle analyses, subG~1~-cells were excluded. Poly-(ADP-Ribose)-Polymerase (PARP)-cleavage was detected by SDS-PAGE followed by immunoblot analysis using PARP antibodies. Apoptotic cells were quantified by annexin V staining and analyzed by flow cytometry as described.[@R54]

For anti-BrdU and propidium iodide (Pl) staining, cells were labeled with 20 μM bromodeoxyuridine (BrdU), washed with PBS, and fixed in 70% ethanol at --20 °C for several hours. Fixed cells were processed as described,[@R49] labeled with anti-BrdU-FITC antibody (clone BU20A, eBioscience), stained with PI, and analyzed with a FACScan flow cytometer (BD Bioscience) and FlowJo software (Tree Star).
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:   cyclin dependent kinase
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:   glucocorticoid response element
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